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I.  Introduction 

Thin-wire  methods  have  proven  useful  in  treating  a wide  variety 
of  electromagnetic  problems  [1 ] - [ 3 ] . At  present  there  are  many  well- 
documented  computer  programs  available  for  the  treatment  of  thin  wires 
(Jl»a,a<<^,  where  a,  l are  antenna  radius,  length,  respectively)  [ 1 ] - 
[ 3 ].  Some  of  these  include  the  most  general  orientation  (arbitrarily 
skewed  wires),  permit  arbitrary  excitation  and  loading,  and  take  junc- 
tions into  account.  The  thin  wire  codes  are  the  most  highly  developed 
and  well-tested  of  all  the  method-of-moments  codes. 

In  addition  to  treating  thin-wire  geometries,  the  thin-wire  codes 
are  also  capable  of  approximately  treating  conducting  surfaces,  which  are 
modeled  as  wire-grid  structures.  The  wire-grid  representation  is  useful 
in  computing  radiation  and  scattering  characteristics.  Numerous  geome- 
tries have  been  treated  by  the  wire-grid  technique,  which  can  be  applied 
to  surfaces  of  arbitrary  shape. 

The  thin-wire  codes  can  be  extended  by  lumped  loading  techniques 
to  approximately  treat  some  problems  involving  advanced  composite  materials 
such  as  radiating  properties  of  antennas  over  a composite  surface  and 
back-scattering  from  a composite  surface. 

The  thin-wire  representation  of  a surface  has  its  limitations;  one 
would  not  expect  to  obtain  accurate  near  fields  or  interior  fields  from 
this  representation.  The  reactive  part  of  the  input  impedance  may  not 
be  accurate.  These  limitations  apply  to  all  wire-grid  representations 
with  perfect  as  well  as  imperfect  conductors. 
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The  key  problem  in  applying  the  thin-wire  codes  to  advanced  composite 
materials  is  the  computation  and  location  of  various  lumped  loads  added 
to  the  wire-grid  representation.  These  loads  must  take  into  account 
the  junctions  of  wires  and  surfaces  (attachment  points)  and  skin  effect. 
Some  of  the  basic  techniques  have  been  described  in  a previous  report  [ 4 ] . 

This  report  describes  loaded  thin-wire  models  for  the  representa- 
tion of  the  electromagnetic  properties  of  advanced  composite  materials. 
Techniques  are  developed  for  the  representation  of  thin-wire  antennas 
over  composite  ground  planes  and  for  back-scattering  from  composite 
surfaces. 

Figs.  1 and  2 show  the  general  problems  considered.  Fig.  1 shows 
a thin-wire  antenna,  which  is  driven  and  loaded  at  arbitrary  points  and 
attached  at  points  "a"  and  "b"  to  a composite  ground  plane  of  conduc- 
tivity O(r)  and  thickness  t.  The  conductivity  may  vary  over  the  ground 
plane.  It  is  shown  later  that  highly  conductive  "pads"  located  at 
attachment  points  may  significantly  improve  antenna  efficiency.  Antenna 
characteristics  desired  are  far  field  beam  patterns,  input  impedance, 
efficiency,  and  directive  gain.  Fig.  2 shows  electromagnetic  fields 
incident  upon  a surface  of  conductivity  o(r)  and  thickness  t.  The 
back-scattering  cross  section  and  the  scattered  far  field  beam  patterns 
are  desired. 

Several  types  of  problems  have  been  treated  including  antenna 
problems  (Fig.  1)  with  azimuthal  symmetry  and  with  rectangular  ground 
planes  and  back-scattering  problems  (Fig.  2)  for  rectangular  surfaces. 

The  results  indicate  that  antenna  efficiency  may  be  significantly  reduced 
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for  some  problems  by  the  presence  of  a composite  ground  plane. 
Antenna  "pads"  near  the  attachment  points  may  significantly  improve 
antenna  efficiency.  In  some  cases,  antenna  far  field  beam  patterns 
remain  essentially  unchanged  as  efficiency  or  back-scatter  vary  over 
a wide  range.  Therefore,  beam  pattern  data  alone  is  not  a good 
indicator  of  antenna  or  back-scatter  characteristics. 


2.0  THEORY 


2.1  LOADING  TECHNIQUES  FOR  THIN  WIRES 

In  the  method -of -moments  formulation  for  thin  wires  a matrix 
equation  is  obtained: 

[v]  = [z] [i]  (2-1) 

where  the  elements  of  [v]  are  generalized  voltages  ( weighted  integrals 
of  the  electric  field),  the  elements  of  [z]  are  generalized  impedances, 
and  [i]  represents  the  unknown  currents.  The  addition  of  lumped  loads 
to  the  wire  structure  results  in  the  matrix  equation 

[V1]  = [[Z]  + [Z*]]  [i]  (2-2) 


where 

r "i 

U*  = 

*zJti  0 

L J 

-°  zln- 

and  where  [v'J  represents  applied  voltage  and  the  diagonal*  load  matrix 
[z^]  contains  the  lumped  loads  (see  [1],  [3]).  Thus  the  effect  of 
lumped  loads  is  merely  to  replace  total  voltages  [v]  with  known  applied 
voltages  [v1]  and  to  add  a diagonal  load  matrix  [z^]  to  the  generalized 
impedance  matrix  [z] . 

The  essential  problem  is  thus  to  compute  the  load  impedance  matrix 
[zgj.  The  conduction  current  o|[  is  much  larger  than  displacement  cur- 
rent joicE^  for  typical  values  of  interest  and  thus  the  load  impedances 
will  be  resistive.  The  skin  effect  must  be  taken  into  account  since 
typical  composite  thickness  may  be  many  skin  depths  (see  [5]).  The 
attachment  point  must  be  modeled  properly  so  as  to  enforce  the  radially 
outward  (or  inward)  current  flow  in  its  vicinity.  These  effects  are 
considered  in  sections  2.2  through  2.4. 

*The  load  matrix  is  purely  diagonal  only  in  special  cases  [1],  [3]. 
for  example,  pulse  functions  and  point  matching. 
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2.2  CURRENT  FLOW  MODELS 


In  this  section,  loading  models  for  different  types  of  current  flow 
are  examined.  These  include  models  for  radial  flow,  rectangular  flow 
and  current  flow  taking  into  account  the  skin  effect . 

2.2.1  Loading  Model  for  Radial  Flow  and  Attachment  Points 


Consider  a monopole  on  a composite  disk,  such  as  that  shown  in 
Fig.  3a.  In  this  case,  current  flow  is  radial.  The  disk  is  first  sub- 
sectioned into  small  sectors  as  shown  in  Fig.  3b.  Fig.  3c  shows  a 
typical  subsector.  We  then  model  each  subsector  with  a wire  and  load 
each  wire  with  an  equivalent  lumped  resistance  which  accounts  for  the 
finite  conductivity  of  the  composite  material. 

To  calculate  the  loading  resistance  we  first  let  the  current  flowing 
on  the  wire  be  equal  to  the  total  current  flowing  on  the  corresponding 
subsector.  Then  the  loading  resistance  is  calculated  as  that  which  will 
produce  the  same  voltage  drop  as  that  over  a corresponding  subsector. 

For  the  low  frequency  case  (skin  depth  much  greater  than  composite  thick- 
ness t) , it  is  assumed  that  the  current  flows  uniformly  throughout  t he 
thickness  of  the  disk  (modifications  are  made  later  to  take  skin  depth 
into  account) . 

The  volume  current  density  Jp  in  a subsector  (Fig. 4)  may  be  repre- 


sented as  follows: 

JP(P) 


oi-J(pi) 

p 


(2-3) 
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and  for  radial  flow 


_3_ 

3<t> 


_3_ 

3z 


3v 

•*  jp(p)  = -°  IT 


(2-5) 


Now  we  calculate  the  voltage  drop  over  a sector: 

Pi 


C I1  VP) 

V = -*■/  i dp 

J P2  o 


= */i 


' Pi  . piJ(Pi)  P 


dp 


a Pi 


f>2  pp 

1 

and  the  total  current  I flowing  in  the  sector  is 
I = I (P ) = Jp(p)  x (p<J>t) 

plVpl> 

= x p<*.t  = p^tJpfp!) 


TT-  (2-6) 


(2-7) 


where  #,  t are  given  in  Fig.  4. 

piVpi>  p 


and 


R — — 

Keq  - r 


fcn 


pl 


P^W 


— in  Jj_  (2-8) 
♦ t Pj 


Let  N be  the  number  of  radial  wires  used  to  model  the  composite 
2w 


disk.  Then  $=- 


N 


and 


'eq 


ot2ir 


tn 


(2-9) 


Equation  (2-9)  can,  of  course,  also  be  obtained  directly  by  standard 
techniques  for  static  resistance;  for  later  cases  the  full  development 
is  required. 

The  attachment  point  can  be  treated  by  taking  into  account  the 

radius  "a"  of  the  monopole  antenna.  Figure  5 shows  the  monopole 
* Rcq  is  the  equivalent  lumned  resistance. 
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antenna  and  a bordering  subsector.  The  equivalent  resistance  is 

“ -r-  <2-10) 

Note  that  the  equivalent  resistance  for  a subsector  bordering  an 
attachment  point  depends  critically  on  the  actual  wire  radius.  This  is 
reasonable  since  the  wire  radius  "a"  determines  the  "bottleneck" 
through  which  current  must  flow.  The  high  value  of  resistance  leads 
to  high  losses  for  bordering  subsectors.  This  corresponds  to  the  high 
losses  expected  for  a resistance  in  the  near  field  of  an  antenna  where 
reactive  power  density  may  be  large. 

All  load  resistances  are  now  known  and  the  monopole-disk  problem 
of  Fig.  3a  may  be  modeled  as  shown  in  Fig.  6,  the  resistance  values 
being  computed  by  equations  (2-9)  and  (2-10).  The  entire  system  of 
wires  is  subsectioned,  subsections  are  numbered,  and  the  diagonal  load 
matrix  [z^]  is  thus  known,  where  typical  element  z g, i is  the  appropriate 
load  resistance  for  the  i^*1  subsection.  Currents  [i]  are  then  computed 
by  matrix  inversion.  Then  beam  patterns,  efficiency,  directive  gain, 
etc.,  can  be  computed  by  further  matrix  operations  [3  ]. 

The  case  of  purely  radial  current  flow  has  been  considered  first 
because  of  its  direct  relationship  to  the  treatment  of  attachment 
points.  In  section  2.2.2,  a more  general  model  is  considered  involving 
radial  current  flow  near  attachment  points  and  rectangular  current  flow 
elsewhere. 

2.2.2  Loading  Model  for  Rectangular  Current  Flow  and  Attachment  Points 


Consider  antennas  over  rectangular  composite  ground  planes  as 
shown  in  Figs.  7a,  c.  Again,  thin  wires  are  used  to  model  the 
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Figure  7.  Antennas  over  Rectangular  Com 
(a)  monopole  (c)  transmiss 
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(b) 


(d) 


Figure  7.  (part  2)  Antennas  over  Rectangular  Composite  Ground  Planes 
(b)  monopole  model  (d)  transmission  line  antenna  model 


rectangular  ground  plane  and  the  wires  are  loaded  with  equivalent 
resistances  (Figs.  7b,  d)  to  account  for  the  finite  conductivity  of 
the  composite  material . 

Fig.  8a  shows  the  four  wires  which  are  directly  connected  to  an 
attachment  point.  It  is  considered  that  the  resultant  rectangle  is 
divided  into  four  triangles  as  shown  in  Fig.  8a.  Each  triangular 
sector  is  replaced  with  an  equivalent  circular  sector  (see  Figs.  8a,  b) 
with  the  same  area.  Radial  current  flow  is  assumed  and  resistances 
are  computed  by  equations  (2-10),  as  follows: 

Let  Lx,  Ly  be  sides  of  the  rectangular  ground  plane  (Fig.  7c) 
and  let  Nx,  Ny  be  number  of  subsections  for  each  side,  respectively. 

Radii  rx,  and  ry  of  the  equivalent  circular  sectors  are 
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where  rx,  for  example,  is  shown  in  Fig.  8b. 

Then  from  Eq.  (2-10)  the  equivalent  resistances 
for  x-directed  and  y-directed  wires  connected  to  an 
are 
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Thus  radial  current  flow  is  enforced  near  the  attachment  point. 

For  all  other  wires  not  directly  connected  to  an  attachment  point, 
a rectangular  current  flow  model  is  assumed.  Equivalent  resistances 
for  x-directed  and  y-directed  wires  are 

(R-i)x  - — 1 ’ ~£$rr  (2-15) 
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JA 


otLYN 


x‘'v 


(2-16) 


for  the  low  frequency  case.  Figs.  9a,  b show  typical  representations 
of  a surface  by  a rectangular  grid.  The  currents  flowing  in  the  wire 
grid  sections  each  represent  an  equivalent  surface  current  flowing  over 
an  equivalent  area  of  the  composite.  Equivalent  areas  are  shown.  The 
equivalent  resistors  (Req)x.  for  example,  are  identical  for  Fig.  9a, 
whereas  the  edge  resistors  of  Fig.  9b  are  twice  the  value  of  the  others. 
Typical  results  show  little  difference  between  the  two  alternative 
models  of  Figs.  9a,  b. 

All  of  the  results  in  sections  2.2.1  and  2.2.2  apply  to  the  low 
frequency  case  (skin  depth  much  greater  than  thickness  t).  In  section 
2.2.3,  these  results  are  modified  to  take  skin  depth  into  account. 


2.2.3  Loading  Models  for  Skin  Effect 
2.2.3. 1 Radial  Current  Flow 

Fig.  (10)  shows  a typical  sector  for  radial  current  flow.  It  is 
assumed  that  the  current  distribution  in  the  z direction  is  given  by 
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where  J is  the  current  density  at  the  surface  (z=0) 
po 

Y is  the  propagation  constant  of  the  composite  material 

Y = a + jB=  ^ juu  (a+jwe) 

<$  = skin  depth  = — 
a 


‘/apa  (o>>u>e) 

It  is  assumed  as  in  section  2.2.1  that  the  current  variation  is  the 
radial  direction  is  given  by 


J(p) 


PjJCPj) 


z=const.  p 

Equations  (2-17)  and  (2-18)  yield 


z=const . 


J(p,z)  = PlJ0  (px)  — 


(2-18) 


(2-19) 


To  calculate  the  loading  resistance  the  current  flowing  on  the 
wire  is  set  equal  to  the  total  current  flowing  through  the  cross- 
section  as  before.  Then  the  loading  resistance  is  calculated  to  be 
that  which  will  produce  the  same  ohmic  loss  as  the  total  ohmic  loss 
in  a corresponding  subsector.  The  power  dissipated  [7]  is 


W*=  RC///  - 


J*  dv,  where  * represents  complex 
conjugate 
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where  t is  the  thickness  of  the  composite  disk 
N is  the  No.  of  radial  wires  used 
a = Re  (y) . 

The  current  flowing  through  the  cross  section  is  independent  of 
p and  is  given  by 


| I | = | I CP)  i .//i  J(p  ,z)  | pdzdiji 
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and  the  equivalent  loading  resistance  for  radial  flow  is 


a?fn  ~^")(1~e"20tt) 

iff  (l-e'at)2 


(2-22) 


For  the  low  frequency  case,  at  > 0 and  thus 

2„t 

lim  Rgq  - x — 

at ->  0 4™  (at) 


tn  — a 


(2-23) 


which  agrees  with  Eq.  (2-9) 
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2 . 2 . 3 . 2 Rectangular  Current  Flow 


Consider  current  flow  in  a rectangular  section  (Fig.  11).  Again 
it  is  assumed  that  the  current  distribution  in  the  z direction  has  a 
dependence  e . It  then  follows  by  straightforward  calculation  that 
the  equivalent  resistances  (Req)x  are  (^eq^y  f°r  x*  ancl  y-directed 
wires  are  . _ 


(Req  1 x = 

aL*Ny 

(l-e  "“L) 

2 

(2-24) 
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(2-25) 

For  the  low  frequency  case,  at  >0  and  thus 


lim  (Req)x  = 
at>0  otLyNx 


(2-26) 


H»  (Roc()y  ' ~ 
at»0  ' 0tLxNy 

which  agrees  with  F.q.  (2-15)  and  (2-16)  respectively. 


(2-27) 


2.3  CALCULATION  OF  ANTENNA  EFFICIENCY 

As  noted  in  section  2.1,  the  problem  of  an  antenna  over  a composite 
ground  plane  is  reduced  to  a matrix  equation  of  the  form 
[V’J  = [[2]  ♦ [Z(,]]  [i] 

once  the  equivalent  resistances  have  been  computed.  The  currents  [i| 
are  then  obtained  by  matrix  inversion: 

[i]  = [U]  ♦ [zjtl  ] _1  [V] 
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Figure  11.  Rectangular  Current  Flow  (skin  effect) 
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where  Wt  = Wr  + 


is  the  input  power 


Wp  is  the  power  radiated 

h’f  is  the  power  dissipated  (in  the  equivalent  resistances). 

The  power  (input  and  dissipated)  may  be  represented  by  a matrix, 
[W],  where  * 

Wi  = Re  i^Vj  (2-29) 

In  this  representation,  the  typical  element  Wj  is  the  input 
pow'  ' to  a port,  positive  if  the  port  is  driven,  negative  or  zero  if 
it  is  loaded,  and  zero  if  the  port  is  metallic. 

Then  the  input  power  Wt  may  be  found  by  summing  over  the  driven 
ports, 


wt  =£  Re  4i  vi 


(2-30) 
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and  the  dissipated  power  W a may  be  found  by  summing  over  the  loaded 
ports:  * 

W*=-LReii  Vi  (2-31) 

. LOADED 
PORTS 


Dissipated  power  may  also  be  found  by 

W s = Y (Re  zti)  | ij  |"  . (2-32 
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2.4  SCATTERING  CHARACTERISTICS 


Consider  the  scattering  problem  shown  in  Fig.  12a  which  shows  a 
known  electric  field  E^inc  incident  upon  a rectangular  plate  of  com- 
posite material.  Fig.  12b  shows  the  equivalent  problem,  a loaded  wire- 


grid  structure.  All  resistances  are  computed  with  the  assumption  of 
rectangular  current  flow  (equations  2-15  and  2-16) 

This  problem  may  be  represented  ([1]),  [3])  as  a matrix  equation 
of  the  following  form 

[-v(inc)]  = [[z]  + [zL]]  [i]  (2-34) 

where  the  typical  element  Vjinc  is  a generalized  incident  voltage 
(an  integral  of  the  known  incident  electric  field).  Currents  [i]  are 
determined  by  matrix  inversion.  Scattered  fields  radiated  by. the  wire- 
grid  currents  are  obtained  as  in  the  radiation  problem.  The  back- 


scattering  cross  section  (echo  area)  is  obtained  [8]  as 

7 Ss 

Ae  = echo  area  = lim  (4rr^  -~j-)  (2-35) 

r^  °° 

where  Ss  is  scattered  power  density,  at  a distance  of  r from  the 


scatterer,  in  the  backward  direction,  and  S1  is  the  incident  power 


density. 


3.0  COMPUTED  RESULTS 


The  computed  results  presented  in  this  chapter  were  obtained  by 
modifying  two  thin-wire  codes  [9],  |10]  various  subroutines  were  added 
to  these  codes  to  compute  efficiency,  directive  gain,  echo  area,  and 
to  handle  attachment  points  for  rectangular  geometries.  Additional 
subroutines  were  written  to  compute  the  various  equivalent  resistances. 
Program  listings  and  card  decks  are  available  upon  request  to  the 
authors . 

3. 1 PROBLEMS  WITH  AZIMUTHAL  SYMMETRY  (LOW-FREQUENCY  CASE) 

Fig.  13a,  b show  monopoles  over  a single  section,  double  section 
composite  ground  plane,  respectively,  and  indicate  the  parameters  R, 

£,  Ri,  ai,  R2,  02  used  in  this  section  of  Chapter  III. 

In  any  wire-grid  representation  of  a surface,  the  effect  of  the 
coarseness  of  the  grid  is  of  interest.  Fig.  14  shows  some  typical 
results  for  a quarter  wave  monopole  over  a resistive  disk  of  radius 
A/4,  as  a function  of  N (the  number  of  radial  wires).  Note  that  R^ 
varies  slowly  with  N and  that  reasonable  results  are  obtained  even  in 
the  very-coarse  grid  case  N=4. 

Fig.  15  shows  plots  of  antenna  efficiency,  as  a function  of  con- 
ductivity, for  a quarter-wave  monopole  over  a ground  plane.  The  lower 
curve  is  for  a single-section  ground  plane  of  conductivity  a,  radius  A. 
The  upper  curve  shows  the  effect  of  replacing  the  central  portion  of 
the  ground  plane  with  a perfectly  conducting  pad  of  radius  R^=0.5A. 

Note  that  antenna  efficiency  is  increased  for  all  values  of  conduc- 
tivity a. 
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INPUT  RESISTA 


Figure  14.  Variation  of  Input  Resistance  With  the  Number  of  Radial  Wires 


Note  the  shape  of  the  efficiency  curves.  Both  plots  show  efficien- 
cy curves  which  approach  100%  efficiency  for  very  large  and  very  small 
conductivities,  as  expected,  and  a minimum  value  of  efficiency  at  some 
intermediate  value.  A wide  range  of  a values  is  shown.  Most  of  the 
values  cited  for  boron/epoxy  and  graphite/epoxy  lie  between  a=10  and 
o=2xl04,  with  the  most  common  values  being  about  0=130  for  boron/epoxy 
and  o^lO4  for  graphite/epoxy.  For  the  remainder  of  this  chapter, 
results  are  plotted  for  the  range  of  values  o=10  to  104. 

Fig.  16  shows  the  effect  of  reducing  monopole  length  from  A/4  to 
A/10,  with  a ground  plane  of  radius  A/2.  Efficiency  is  reduced,  as 
expected,  in  agreement  with  the  well-known  limitations  of  electrically 
small  antennas  [11] -[12]. 

3.2  PROBLEMS  WITH  AZIMUTHAL  SYMMETRY  (HIGH-FREQUENCY  CASE) 

Fig.  17  shows  the  effect  of  skin  depth  (which  is  a frunction  of 
frequency)  on  antenna  efficiency.  The  antenna  efficiency  is  plotted 
as  a function  of  conductivity  for  a quarter-wave  monopole  over  a 
resistive  disk  of  radius  A/2,  as  a function  of  conductivity  and  fre- 
quency. Note  that  there  are  appreciable  losses  for  a boron/epoxy 
material  (0=130)  at  x-band  frequencies  (f=10^®).  Note  that,  due  to 
skin  effect,  losses  increase  monotonically  with  frequency.  In  these 
plots  the  electrical  dimensions  of  the  geometry  are  fixed  rather  than 
physical  dimensions.  Fig.  18  shows  how  the  losses  are  increased  for 
an  electrically  short  antenna  (R=0.5A,  £=0.1A).  Note  that  in  this 
case  losses  become  appreciable  for  a boron/epoxy  material  (o=130)  at 
low  frequencies  and  that  losses  become  noticeable  for  a graphite/ 
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epoxy  material  at  f=3xl010. 
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The  computations  indicate  that  antenna  efficiency  may  be  an  im- 
portant consideration,  especially  for  electrically  small  antennas  or 
high  frequencies,  and  especially  for  boron/epoxy  materials. 

3.3  RECTANGULAR  GEOMETRIES 

Fig.  19  a and  b both  show  a horizontal  antenna  on  a rectangular 
composite  plate.  In  both  cases  the  antennas  are  shorted  to  the  plate 
at  one  end  and  driven  at  the  other  end.  The  spacings  S between 
antenna  and  plates  is  1/4X  and  . 0625A  respectively. 

The  rectangular  plates  are  replaced  by  appropriately  loaded  wire 
grids.  Fig.  19c  shows  a comparison  of  the  radiation  impedance  of 
these  two  cases.  The  radiation  resistance  of  the  case  with  S=1/4A  is 
ten  times  larger  than  with  S=.0625A,  as  expected.  Fig.  19d  shows  a 
plot  of  the  efficiency  for  these  two  cases.  The  efficiency  of  the 
antenna  in  Fig.  19a  is  of  course  much  greater  than  that  of  the  trans- 
mission line  type  antenna  of  Fig.  19b. 

A special  subroutine  was  written  to  simplify  the  treatment  of  rec- 
tangular geometries  with  attachment  points.  Attachment  points,  attach- 
ment resistances  and  grid  size  are  specified  and  then  the  grid  and 
other  resistances  are  generated  automatically. 

3.4  BACK  SCATTERING 

The  back  scatter  of  a finite  composite  plate  can  be  treated  by  a 
wire-grid  model.  Consider  the  example  shown  in  Fig.  20.  A plane  wave 
polarized  parallel  to  one  side  of  the  plate  is  incident  normally  upon 
a perfectly  conducting  square  plate.  The  plate  is  replaced  by  a wire 
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grid  of  appropriate  size  and  shape.  The  electrical  echo  areas 
(Ae/x2)  of  different  sizes  of  square  plates  are  calculated.  Fig.  20 
shows  a comparison  of  computed  and  experimental  data  for  broadside 
echo  area,  for  a perfectly  conducting  plate. 

Consider  the  example  shown  in  Fig.  21.  A plane  wave  is  normally 
incident  upon  a X/2  by  X/2  lossy  composite  plate  with  conductivity  e. 
The  lossy  plates  are  replaced  by  appropriately  loaded  wire  grids. 

Fig.  21  shows  a plot  of  the  electrical  echo  area  against  conductivity. 
The  echo  areas  approach  the  perfect  conducting  asymptote  for  the  cases 

4 

with  conductivity  greater  than  10  and  approach  zero  for  the  cases 
with  conductivity  less  than  10"^.  Beam  patterns  have  also  been  plotted 
for  the  cases  of  Fig.  21.  They  show  very  little  change  in  the  beam 
patterns  as  the  echo  area  changes  by  a factor  greater  than  ten. 
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4.0  CONCLUSIONS 


Loaded  thin-wire  models  have  been  developed  for  the  representation 
of  the  electromagnetic  properties  of  advanced  composite  materials. 
These  models  apply  especially  to  radiation  properties  of  antennas  over 
composite  surfaces  and  back-scattering  from  composites.  Special  tech- 
niques are  required  for  attachment  points.  Skin  depth  is  taken  into 
account.  Antenna  efficiency  and  gain  are  computed.  A small  metal  pad 
antenna  efficiency  may  be  an  important  consideration  for  boron/epoxy, 
especially  for  electrically  small  antennas.  A small  metal  "pad"  at 
attachment  points  may  significantly  improve  efficiency.  Finally,  far 
field  beam  patterns  may  remain  essentially  unchanged  as  efficiency  or 
back  scatterer  varies  over  a wide  range. 
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and  intelligence.  The  principal  technical  mission  areas 
are  communications,  electromagnetic  guidance  and  control, 
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data  collection  and  handling,  information  system  technology , 
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physics  and  electronic  relic&ility , maintainability  and 
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